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(Yo.5ln0.5)BaCo4_xZnx07  (1.0  <  x  <  2.0)  oxides  crystallizing  in  a  trigonal  P31c  structure  have  been  explored 
as  alternative  cathode  materials  for  solid  oxide  fuel  cells  (SOFC).  At  a  given  Zn  content,  the  (Y0.5I110.5) 
BaCo4_xZnx07  compositions  exhibit  superior  phase  stability  compared  to  YBaCc>4_xZnx07  and  InBaCc>4_x 
Znx07  at  the  operating  temperatures  of  SOFC  (600-800  °C).  In  the  (Y0.5lno.5)Ba(Cc>4_xZnx)07  system,  the 
x  =  1  sample  offers  a  combination  of  good  electrochemical  performance,  low  thermal  expansion  coef¬ 
ficient  (TEC),  and  enhanced  chemical  stability  against  Ceo.8Gdo.2O19  (GDC)  electrolyte  while  demon¬ 
strating  good  phase  stability  at  600-800  °C  for  100  h.  Optimum  cathode  performance  could  be  obtained 
by  employing  (Yo.5ln0.5)BaCo3Zn07  +  GDC  (50:50  wt.%)  composite  cathodes  attached  at  850  °C  for  3  h  as 
evidenced  by  ac-impedance  spectroscopy,  and  the  fuel  cell  performance  of  this  composite  cathode  was 
evaluated  using  anode-supported  single  cells.  With  a  combination  of  excellent  high-temperature  phase 
stability,  low  TEC,  and  good  electrochemical  performances,  the  trigonal  (Yo.5lno.s)BaCo3Zn07  composition 
is  an  attractive  cathode  candidate  for  intermediate  temperature  SOFC. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Mixed  oxide-ion  and  electronic  conducting  (MIEC)  oxides  with 
perovskite  and  perovskite-related  structures  have  been  studied 
intensively  in  high-temperature  devices  such  as  solid  oxide  fuel 
cells  (SOFC),  sensors,  and  oxygen  permeation  membranes.  In 
particular,  cobalt-containing  oxides  have  drawn  much  attention  as 
cathodes  in  SOFC  due  to  their  high  fuel  cell  performance  [1-14]. 
However,  their  high  thermal  expansion  coefficient  (TEC)  values 
attributed  to  the  low-spin  to  high-spin  transition  of  octahedral-site 
Co3+  ions  and  the  accompanying  increase  in  ionic  radius  has 
impeded  their  practical  application  in  SOFC  [4,15-17]. 

Recently,  RBaCo4_xZnx07+«5  (R  =  Y,  Ca,  In,  Tb,  and  Eu)  oxides  have 
attracted  attention  as  alternative  cathode  materials  for  SOFC 
[18-22].  The  RBaCo4_xZnx07+<5  oxides  have  been  reported  to  crys¬ 
tallize  in  a  trigonal  symmetry  with  the  space  group  P31c  [23]  which 
consists  of  alternating  triangular  and  Kagome  planes  with  two 
different  corner-shared  (Co4_xZnx)04  tetrahedra  layers  along  the 
c-axis  [23,24].  Unlike  the  Co3+  ions  in  the  C0O6  octahedra  in  the 
perovskite  lattice,  the  high-spin  state  Co2+/3+  ions  in  the  (Co4_xZnx) 
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O4  tetrahedra  does  not  experience  spin-state  transitions  at 
the  operating  temperature  of  SOFC  [18,25].  In  addition,  the 
RBaCo4_xZnx07+<5  oxides  exhibit  relatively  a  small  amount  of 
oxygen-loss  on  heating  as  evidenced  by  the  TGA  data  [18,20]. 
These  properties  contribute  to  the  low  TEC  of  the  RBaCo4_xZnx07+<5 
oxides  that  is  compatible  with  those  of  the  standard  SOFC  elec¬ 
trolytes  [18,22].  Among  the  various  compositions  investigated,  the 
YBaCo3Zn07  +  GDC  composite  (50:50  wt.%)  has  been  found  to 
exhibit  performance  in  SOFC  superior  to  that  of  the  perovskite 
Lao.6Sro.4Coo.2Feo.8O3  (LSCF)  cathode  [18,21]. 

The  Zn-free  YBaCo407  suffers  from  phase  decomposition  into 
Y2O3,  BaCo03_«5,  and  C03O4  at  elevated  temperatures  of  700-800  °C 
[18].  Considering  the  presence  of  the  Co3+  ions  in  octahedral  sites  in 
both  BaCo03_<5  and  C03O4,  the  decomposition  of  YBaCo407  may  be 
related  to  the  tendency  of  cobalt  ions  to  adopt  octahedral  coordi¬ 
nation  although  the  exact  mechanism  is  not  clearly  established  yet. 
However,  the  high  temperature  phase  stability  could  be  greatly 
improved  by  a  partial  substitution  of  Zn  for  Co  since  Zn  has 
a  strong  preference  for  tetrahedral  coordination  and  could  suppress 
the  tendency  of  cobalt  ions  to  transition  from  tetrahedral  to  octa¬ 
hedral  coordination  [18,26].  The  phase  stability  of  YBaCo4_xZnx07 
improves  with  increasing  amount  of  Zn,  but  higher  Zn  contents 
leads  to  a  decrease  in  electrical  conductivity  due  to  the  completely 
filled  3d  orbitals  and  a  consequent  degradation  in  electrochemical 
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performance  in  SOFC.  Therefore,  it  is  critical  to  develop  optimum 
compositions  that  can  offer  a  combination  good  high-temperature 
phase  stability  and  electrochemical  performance  in  order  for  this 
class  of  materials  with  an  important  advantage  of  low  TEC  to 
become  competitive  as  cathodes  for  SOFC. 

The  high  temperature  phase  stability  is  also  influenced  by  the 
nature  of  the  Rn+  ions  in  RBaCo4_xZnx07+<5  although  it  is  not  as 
dominant  as  the  substitution  of  Zn.  In  other  words,  at  a  given  Zn 
content,  the  phase  stability  differs  depending  on  the  Rn+  ions.  For 
example,  the  YBaCosZnOy  composition  was  found  to  be  stable  after 
heating  at  800  °C  for  120  h  while  it  decomposed  slightly  at  600  and 
700  °C  for  120  h  [19].  In  contrast,  InBaCo3Zn07  was  stable  after 
heating  at  600  °C  for  100  h,  but  showed  partial  decomposition  at  700 
and  800  °C  on  heating  for  100  h  [20].  Further  increase  in  Zn  content 
was  necessary  to  enhance  the  phase  stability  of  InBaCo4_xZnx07, 
which  led  to  a  degradation  in  electrochemical  performances.  Since 
the  R  =  Y  and  R  =  In  samples  in  RBaCo4_xZnx07  differ  in  the 
temperature  range  at  which  they  exhibit  instability  as  pointed  out 
above,  it  will  be  interesting  to  see  whether  the  system  can  be  made 
stable  through  the  entire  SOFC  operating  temperature  of 
600-800  °C  with  R  =  Yo.5Ino.5-  Although  our  earlier  preliminary 
results  indicated  a  slight  phase  decomposition  at  elevated  temper¬ 
atures  with  Y0.5ln0.5BaCo3ZnO7  [18],  we  found  that  a  small  variation 
in  chemical  compositions  and  Y:In  ratio  influence  the  phase 
stability.  Accordingly,  we  present  here  a  systematic  and  careful 
investigation  of  the  Y0.5ln0.5BaCo4_xZnxO7  system.  At  a  few  specific 
Zn  contents  (x  =  1, 1.5,  and  2.0)  in  the  RBaCo4_xZnx07  system,  the 
influences  of  the  mixed  R  =  Y0.5ln0.5  on  the  crystal  chemistry,  phase 
stability,  thermal  and  electrochemical  properties,  and  fuel  cell 
performances  of  the  Yo.5lno.5BaCo4_xZnx07  cathodes  are  presented. 

2.  Experimental 

The  (Yo.5lno.5)BaCo4_xZnx07  samples  were  prepared  by 
conventional  solid-state  reaction  methods.  Required  amounts  of 
Y203  (Alfa  Aesar,  99.9%),  ln203  (Alfa  Aesar,  99.9%),  BaC03  (Alfa  Aesar, 
99.8%),  C03O4  (Alfa  Aesar,  99.7%),  and  ZnO  (Alfa  Aesar,  99.7%)  were 
thoroughly  mixed  in  a  mortar  and  pestle  and  calcined  at  900  °C  for 
12  h  in  air.  The  calcined  powders  were  then  ground,  pressed  into 
pellets,  and  sintered  at  1150  °C  for  12  h  in  air.  The  products  thus 
obtained  were  characterized  by  X-ray  diffraction  (XRD),  and  the 
XRD  data  were  refined  with  the  Rietveld  method  with  the  GSAS 
program  [27].  In  addition,  the  high  temperature  XRD  of  the  x  =  1.0 
sample  was  measured  with  increasing  temperature  after  dwelling 
for  0.5  h  at  each  temperature  before  recording.  The  room- 
temperature  oxygen  content  values  were  determined  by  iodo- 
metric  titration  [28].  The  (Y0.5ln0.5)BaCo4_xZnxO7  +  GDC  (Fuel  Cell 
Materials,  Micro  grade)  composite  cathodes  (50:50  wt.%)  were 
prepared  by  ball-milling  appropriate  amounts  of  (Yo.slno.s) 
BaCo4_xZnx07  and  GDC  in  ethanol  for  3  days. 

The  phase  stabilities  of  the  (Yo.5lno.5)BaCo4_xZnx07  powders 
were  assessed  by  a  long-term  phase  stability  measurement,  which 
involves  heating  the  sample  powder  in  platinum  crucible  at  600, 
700,  and  800  °C  for  100  h  to  provide  enough  time  for  the  phase 
decomposition  to  occur.  The  resulting  powders  were  characterized 
by  XRD.  The  high  temperature  chemical  stability  of  the  (Yo.slno.s) 
BaCo4_xZnx07  cathode  powders  in  contact  with  the  GDC  electrolyte 
was  measured  by  mixing  the  cathode  and  GDC  powders  in  a  1:1 
weight  ratio,  followed  by  calcining  at  800  and  1000  °C  for  3  h  in  air. 

The  electrical  conductivity  of  the  (Y0.5ln0.5)BaCo4_xZnxO7  spec¬ 
imens  was  measured  with  a  four-probe  dc  method  using  a  Van  der 
Pauw  configuration  in  the  temperature  range  of  40-900  °C  [29,30]. 
Thermogravimetric  analysis  (TGA)  was  performed  with  a  Netzsch 
(STA  449  F3)  thermal  analysis  system.  The  TGA  experiments  were 
carried  out  in  air  for  two  consecutive  heating/cooling  cycles  at 


a  rate  of  3  °C  min-1  from  80  to  900  °C.  After  the  first  heating  cycle, 
the  sample  was  allowed  to  dwell  at  900  °C  for  15  h  to  stabilize 
before  recording  the  first  cooling  curve.  Thermal  expansion  data 
were  collected  in  air  with  a  dilatometer  (Linseis  L75H)  during  three 
consecutive  heating/cooling  cycles  at  a  rate  of  3  °C  min-1  between 
20  and  900  °C  with  an  intermediate  dwelling  at  900  °C  for  1  h. 

The  polarization  resistance  (Rp)  of  the  (Y0.5ln0.5)BaCo4_xZnxO7  + 
GDC  composite  cathode  in  contact  with  GDC  pellets  was  measured 
with  symmetrical  cells  in  the  temperature  range  of  400—750  °C  by 
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Fig.  1.  Rietveld  refinement  of  XRD  patterns  of  the  various  (Yo.5ln0.5)Ba(Co4_xZnx)07 
samples:  (a)  (Yo.5lno.5)BaCo3Zn07  (x  =  1),  (b)  (Y0.5lno.5)BaCo2.5Zni.507  (x  =  1.5),  and  (c) 
(Yo.5ln0.5)BaCo2Zn207.  The  observed  and  calculated  profiles,  Bragg  peak  positions,  and 
the  difference  between  the  observed  and  calculated  profiles  are  shown. 
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ac-impedance  spectroscopy  (Solartron  1260  FRA).  The  GDC  elec¬ 
trolyte  disks  were  prepared  by  pelletizing  and  sintering  required 
amounts  of  Gd203  and  Ce02  at  1600  °C  for  10  h.  All  the  composite 
cathode  materials  were  mixed  with  an  organic  binder  (Heraeus 
V006)  to  form  a  slurry  and  then  applied  onto  both  the  sides  of 
a  dense  GDC  pellet  (0.75  mm  thickness)  by  screen  printing. 
The  (Y0.5ln0.5)Ba(Co4_xZnx)O7  +  GDC  cathodes  were  heated  at 
800-950  °C  for  3  h. 

Fuel  cell  performances  of  the  (Y0.5ln0.5)BaCo3ZnO7  +  GDC 
(50:50  wt.%)  composite  cathode  was  evaluated  with  the  anode- 
supported  single  cells  consisting  of  (Y0.5ln0.5)BaCo3ZnO7  +  GDC 
composite|GDC|Ni  +  GDC  (functional  layer,  dense)|Ni  +  GDC 
(porous).  The  anode-supported  tri-layer  half  cell  was  prepared  by 
a  one-step  dry  pressing/co-firing  process  [31].  For  the  cathode,  the 
(Yo.5lno.5)BaCo3Zn07  +  GDC  layers  were  applied  to  the  thin  elec¬ 
trolyte  layer  by  heating  at  850  °C  for  3  h.  Pt  meshes  and  wires  were 
attached  to  each  electrode  using  Pt  paste  as  current  collector. 
During  the  single  cell  SOFC  operation,  humidified  FI2  (~3%  FI20  at 
25  °C)  and  air  were  supplied,  respectively,  as  fuel  and  oxidant  at 
a  rate  of  100  cm3  min-1.  The  area  of  each  electrode  was  0.5  cm2. 
After  the  single  cell  SOFC  tests,  the  microstructures  of  the  cathodes 
were  observed  with  a  JEOLJSM-5610  scanning  electron  microscope 
(SEM). 

3.  Results  and  discussion 

3.1.  Crystal  structure  of  (Yo.5lno.5)Ba(Co4-xZnx)07 

The  room  temperature  XRD  patterns  of  the  (Yo.slno.s) 
Ba(Co4_xZnx)07  (x  =  1, 1.5,  and  2)  oxides  are  shown  in  Fig.  1  along 
with  the  refinement  carried  out  based  on  the  space  group  of  P31c 
[20,23].  The  room-temperature  oxygen  contents  of  the  as-prepared 
powders  were  determined  to  be  7.04  by  the  iodometric  titration 
method.  The  resulting  structural  parameters  and  the  quality  of 
refinements  are  listed  in  Table  1.  The  lattice  parameters  and  unit 
cell  volume  of  (Y0.5ln0.5)Ba(Co4_xZnx)O7  tend  to  increase  with  Zn 
content  as  observed  before  with  the  YBaCo4_xZnx07  system  [18]. 
The  unit  cell  volume  expansion  with  Zn  content  can  be  explained  to 
be  due  to  the  larger  ionic  radii  of  Zn2+  compared  to  that  of  Co2+^3+. 
The  high  temperature  XRD  data  of  the  (Yo.5lno.s)BaCo3Zn07  sample 
was  recorded  in  the  temperature  range  of  20-800  °C  in  air.  Each 
XRD  pattern  was  refined  using  the  Rietveld  refinement  method, 
and  the  variation  of  the  lattice  parameters  with  temperature  is 

Table  1 

Room-temperature  structural  parameters  of  Yi/2Ini/2BaCo4_xZnx07  oxides  deter¬ 
mined  by  the  Rietveld  method  based  on  the  space  group  P31c.  The  atomic  positions 
are  Ba  (2/3, 1/3, 1/2),  Y/In  (2/3, 1/3, z),  Col/Znl  (0,0, z),  Co2/Zn2  (x,y,z),  01  (x,y,z),  02 
(0,0, z),  and  03  (x,y,z). 


x  =  1.0 

x  =  1.5 

x  =  2.0 

a  (A) 

6.267 

6.272 

6.275 

c  (A) 

10.214 

10.219 

10.220 

Vol  (A3) 

347.395 

348.140 

348.501 

Y/In  (z) 

0.875 

0.875 

0.876 

Col/Znl  (z) 

0.434  (2) 

0.433  (2) 

0.433  (2) 

Co2/Zn2  (x) 

0.174  (3) 

0.172  (5) 

0.173  (4) 

Co2/Zn2  (y) 

0.833  (3) 

0.830  (5) 

0.831  (4) 

Co2/Zn2  (z) 

0.689(1) 

0.690(1) 

0.687(1) 

01  (x) 

0.510(10) 

0.509(11) 

0.507  (9) 

oi  (y) 

0.508  (10) 

0.500(11) 

0.497  (9) 

01  (z) 

0.749  (2) 

0.753  (2) 

0.745  (2) 

02  (z) 

0.252  (3) 

0.250  (2) 

0.247  (3) 

03  (x) 

0.135  (4) 

0.132  (4) 

0.128  (3) 

03  (y) 

0.802  (4) 

0.803  (4) 

0.795  (3) 

03  (z) 

0.501  (2) 

0.496  (2) 

0.497  (2) 

RP 

11.64 

11.46 

10.18 

Rwp 

15.55 

14.82 

13.69 

x2 

2.006 

2.013 

1.981 

Temperature  (°C) 


Fig.  2.  Lattice  parameters  (a  and  c),  unit  cell  volume  (V),  and  TEC  variations  of  the 
(Yo.5lno.5)BaCo3Zn07  (x  =  1)  samples  measured  during  heating  (closed  symbols)  and 
cooling  (open  symbols)  by  in  situ  XRD  in  air.  Solid  lines  are  a  guide  to  the  eye. 

shown  in  Fig.  2.  The  lattice  parameters  and  unit  cell  volume  of  the 
(Yo.5lno.5)BaCo3Zn07  increase  with  temperature,  and  the  changes 
are  quite  reversible  during  heating  (closed  symbols)  and  cooling 
(open  symbols).  The  TEC  values  were  calculated  based  on  the  lattice 
parameter  (a  and  c)  and  unit  cell  volume  (V)  values  at  various 
temperatures  and  are  plotted  in  Fig.  2.  Similar  to  the  InBa- 
Co2.5Zni.507  sample,  the  (Y0.5ln0.5)BaCo3ZnO7  sample  exhibits 
anisotropic  thermal  expansion  behavior  with  a  larger  expansion 
along  the  a  axis  [20].  The  average  TEC  values  are  determined  to  be 
8.6-9.1  x  10-6  °C-1  in  the  temperature  range  of  20— 800  °C,  which 
matches  well  with  those  of  the  standard  electrolytes  for  interme¬ 
diate  temperature  SOFC. 

3.2.  Oxygen  content  variation  of  (Y0.5lno.5)Ba(Co4-xZnx)07 

The  TGA  results  of  the  (Y0.5ln0.5)BaCo4_xZnxO7  samples  were 
collected  for  two  consecutive  heating/cooling  cycles  in  air.  Fig.  3 
shows  the  variation  of  the  oxygen  contents  of  (Yo.slno.s) 
BaCo4_xZnx07+«5  with  temperature  in  air.  To  maximize  the  oxygen 
contents  in  the  powder  samples,  there  was  a  dwelling  at  900  °C  for 
15  h  during  the  first  heating  cycle.  The  first  weight  gain  at 
T  <  300  °C  (on  heating)  is  attributed  to  the  oxygen  absorption, 
characteristic  of  this  class  of  materials  where  the  excess  oxygen 
partly  transforms  the  original  Co04  tetrahedra  into  C0O6  octahedra 
that  is  accompanied  by  a  drastic  oxygen  displacement  and  subse¬ 
quent  phase  transition  [32].  Flowever,  the  sample  loses  the  oxygen 
at  T  >  300  °C  and  shows  a  slight  weight  loss  up  to  900  °C.  In  our 
earlier  study,  YBaCo3Zn07  showed  a  small  weight  gain  at  ~870  °C 
during  the  sintering  process  due  to  a  filling  up  of  the  oxygen 
vacancies  [18].  Similarly,  the  (Y0.5ln0.5)BaCo4_xZnxO7  powder 
samples  also  gain  a  small  weight  on  dwelling  at  900  °C  in  the  first 
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Table  2 

High-temperature  phase  stability,  chemical  analysis,  TEC,  and  electrochemical  data  of  the  (Yo.5ln0.5)BaCo4_xZnx07±,5  oxides. 

Chemical  composition  Long-term  stability  test  (100  Oxygen  content  Oxidation  state  TEC  x  106  (°C_1)  Activation  energy  (eV)d 

-120  h)a  (7  ±5)h  of  Coc  80-900  °C 


800  °C 

700  °C 

600  °C 

Pristine 

Composite 

YBaCo3Zn07±(5 

Good 

Bad 

Bad 

7.07 

2.38 

9.5 

0.82 

0.94 

(Y0.5lno.5)Ba(Co3Zn)07±(5 

Good 

Good 

Good 

7.04 

2.36 

9.5 

0.74 

0.98 

(Y0.5lno.5)Ba(Co2.5Zni.5)07±(5 

Good 

Good 

Good 

7.04 

2.43 

9.3 

0.82 

1.03 

( Yo.slno.s  )Ba(  Co2Zn2  )07±(5 

Good 

Good 

Good 

7.04 

2.54 

9.7 

0.95 

1.06 

InBaCo3Zn07±(5 

Bad 

Bad 

Good 

7.00 

2.33 

9.2 

0.91 

1.01 

a  The  phase  stability  of  YBaCo3Zn07±(5  was  measured  after  dwelling  at  each  temperature  for  120  h,  while  the  rest  of  the  compositions  were  measured  after  100  h. 
b,c  The  oxygen  content  values  and  the  oxidation  state  of  Co  were  determined  with  as-synthesized  samples  at  room  temperature. 

d  The  activation  energy  values  were  calculated  from  the  Arrhenius  plots  of  the  polarization  resistances  (Kp)  of  the  pristine  cathodes  and  pristine  +  GDC  (50:50  wt.%) 
composite  cathodes  in  contact  with  GDC  electrolyte  in  air. 


cycle.  Although  all  the  as-synthesized  samples  (x  =  1,  1.5,  and  2) 
have  the  same  initial  oxygen  contents  of  7.04  (Table  2),  they  uptake 
different  amounts  of  oxygen  during  annealing  at  900  °C.  As  a  result, 
at  a  given  temperature,  the  oxygen  content  of  (Yo.slno.s) 
BaCo4_xZnx07+<5  decreases  with  increasing  Zn  contents  from  x  =  1 
to  2.  From  TGA  data,  the  (Yo.5lno.s)BaCo4_xZnx07+<5  samples  lose 
only  a  small  weight  (<0.3%)  or  amount  of  oxygen  in  the  tempera¬ 
ture  range  of  40—900  °C  in  air.  Thus,  the  thermal  expansion  of  the 
unit  cell  comes  mainly  from  the  normal  expansion  of  the 
metal-oxygen  bonds,  and  the  chemical  expansion  due  to  the 
reduction  of  Co3+  ions  to  larger  Co2+  ions  is  negligible. 

3.3.  Phase  stability  and  thermal  expansion  behavior  of  (Yo.slno.s) 
Ba(Co4-xZnx)07 


overcomes  the  phase-decomposition  problems  unlike  that 
encountered  with  the  YBaCo3Zn07  and  InBaCo3Zn07  samples. 

The  thermal  expansion  behavior  of  the  (Y0.5ln0.5)BaCo4_xZnxO7 
(x  =  1, 1.5,  and  2)  specimens  were  measured  with  the  dilatometer  in 
the  temperature  range  of  80-900  °C  in  air  with  three  consecutive 
heating/cooling  curves,  and  the  results  are  shown  in  Fig.  5.  The 
corresponding  TEC  values  are  calculated  to  be  9.5  (x  =  1),  9.3 
(x  =  1.5),  and  9.7  (x  =  2)  x  10  6  °C_1  at  800  °C,  which  is  slightly 
higher  than  that  obtained  with  the  high  temperature  XRD  for  the 
x  =  1.0  sample  (Fig.  2).  All  the  specimens  exhibit  low  TEC  values 
that  can  provide  good  thermal  expansion  compatibility  with  the 
standard  SOFC  electrolyte  materials  such  as  yttria-stabilized 
zirconia  (YSZ),  GDC,  and  Lao.8Sr0.2Ga0.8Mgo.202.8  (LSGM) 
(10.0  X  10~6— 12.5  X  10“6  °C_1)  [33,34], 


The  long-term  phase  stabilities  of  the  (Y0.5ln0.5)BaCo4_xZnxO7 
(x  =  1,  1.5,  and  2)  were  assessed  by  heating  the  pure  powder 
samples  at  600,  700,  or  800  °C  for  specified  hours,  followed  by 
quenching  to  room  temperature.  The  In-free  YBaCo3Zn07  sample 
shows  decomposition  with  peaks  corresponding  to  BaCoC^  after 
heating  at  600  and  700  °C  for  120  h,  while  it  is  stable  at  800  °C  for 
120  h  as  seen  in  Fig.  4(a)  [19].  In  contrast,  the  Y-free  InBaCc^ZnCb 
sample  shows  decomposition  after  heating  at  700  and  800  °C, 
respectively,  for  100  and  12  h,  while  it  is  stable  at  600  °C  for  100  h  as 
seen  in  Fig.  4(b)  [20].  The  decomposition  product  is  found  to  be 
In203,  BaCo03_z,  and  C03O4  at  700  °C.  However,  it  is  interesting  to 
note  that  the  (Y0.5ln0.5)BaCo4_xZnxO7  (x  =  1, 1.5,  and  2)  samples  are 
stable  at  all  the  three  temperatures  (600,  700,  and  800  °C)  for  100  h 
as  seen  in  Fig.  4(c)-(e).  These  findings  suggest  that  employing 
a  mixture  of  Y  and  In  (50%  each)  promotes  the  phase  stability  and 


3.4.  Electrical  conductivity  and  chemical  stability  of  (Y0.sln0. 5) 
Ba(Co4-xZnx)Oy 

The  total  electrical  conductivity  variations  of  the  (Yo.slno.s) 
BaCo4_xZnx07  (x  =  1, 1.5,  and  2)  specimens  with  temperature  are 
shown  in  Fig.  6.  The  electrical  conductivity  increases  with 
increasing  temperature,  indicating  a  thermally-activated  polaron 
behavior  [18].  The  Arrhenius  curves  of  Log  al  vs.  1000 IT  are  plotted 
in  Fig.  6(b)  from  the  temperature  dependence  of  the  electrical 
conductivity  data.  The  energy  barrier  for  the  hole  conduction 
activation  energy  (Ea)  of  the  (Yo.slno.s )BaCo4_xZnx07  (x  =  1,  1.5, 
and  2)  specimens  are  calculated  to  be  0.21  (x  =  1),  0.24  (x  =  1.5), 
and  0.28  eV  (x  =  2).  At  a  given  temperature,  the  (Yo.slno.s) 
Ba(Co4_xZnx)07  samples  exhibit  a  decrease  in  the  electrical 
conductivity  and  an  increase  in  the  activation  energy  Ea  with 


Temperature  (°C)  Temperature  (°C) 

Fig.  3.  TGA  data  of  (a)  (Yo.5ln0.5)BaCo3Zn07  (x  =  1)  in  the  first  and  second  heating  and  cooling  and  (b)  (Y0.5ln0.5)BaCo4_xZnxO7  (x  =  1, 1.5,  and  2)  recorded  in  the  2nd  cooling  with 
temperature  in  air. 


30  40  50 

Cu  Ka  20  (degree) 


30  40  50 


Cu  Ka  20  (degree) 


Fig.  4.  XRD  patterns  of  (a)  YBaCo3Zn07,  (b)  InBaCo3Zn07)  (c)  (Yo.5In0.5)BaCo3Zn07  (x  =  1),  (d)  (Y0.5lno.5)BaCo2.5Zni.507  (x  =  1.5),  and  (e)  (Y0.5lno.5)BaCo2Zn207  (x  =  2)  after  high 
temperature  phase  stability  tests.  The  phase  stability  tests  were  performed  at  600,  700,  or  800  °C  for  100-120  h,  followed  by  quenching  to  room  temperature.  Reflections  due  to  the 
formation  of  secondary  phase  are  marked  with  ▼ . 
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Fig.  5.  Thermal  expansion  behaviors  of  the  various  (Yo.5ln0.5)BaCo4_xZnx07  samples  recorded  at  80-900  °C  in  air:  (a)  (Y0.5ln0.5)BaCo3ZnO7,  (b)  (Yo.5ln0.5)BaCo2.5Zni.507,  and 
(c)  (Yo.5lno.5)BaCo2Zn207. 
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Fig.  6.  (a)  Variations  of  the  electrical  conductivity  of  (Yo.5lno.5)BaCo4_xZnx07  with  x  =  1.0, 1.5,  2.0,  and  (b)  their  Arrhenius  plots  with  temperature  in  air  in  comparison  to  those  of 
InBaC02.5Zn1.5O7  and  YBaC02.5Zn1.5O7. 


increasing  Zn  content  from  x  =  1  to  2.  This  can  be  explained  to  be 
due  to  a  perturbation  of  the  electron  hopping  pathway  by  the  Zn2+ 
(completely  filled  3d  orbital)  substitution  for  Co2+^3+  ions  [18].  At 
a  given  Zn  content  of  x  =  1.5  and  temperature  (Fig.  6(b)),  the 
(Yo.5lno.5)BaCo2.5Zni.507  sample  has  higher  conductivity  than 
YBaC02.5Zn1.5O7,  but  lower  than  that  of  InBaC02.5Zn1.5O7. 

The  chemical  stability  between  the  (Yo.5lno.5)BaCo4_xZnx07 
(x  =  1, 1.5,  and  2)  samples  and  the  GDC  electrolyte  was  assessed  by 
heating  the  mixtures  at  high  temperatures.  Fig.  7  shows  the 
resulting  XRD  patterns  with  the  two  different  phases  marked.  The 
x  =  1.0,  1.5  (not  shown),  and  2  (not  shown)  samples  are  stable 
against  GDC  after  heating  the  mixture  at  800  and  1000  °C  for  3  h. 
From  our  earlier  study,  a  side  reaction  between  InBaCo3Zn07  and 
GDC  has  been  reported  after  heating  the  mixture  at  1000  °C  for  3  h 
[20].  In  contrast,  the  YBaCo4_xZnx07  (x  =  1, 1.5,  and  2)  samples  are 
stable  against  GDC  up  to  1100  °C  for  2  h.  These  results  reveal  that 
the  presence  of  50%  Y  in  (Y0.5ln0.5)Ba(Co4_xZnx)O7  (x  =  1, 1.5,  and  2) 


Cu  Ka  20  (degree) 


Fig.  7.  Chemical  stability  of  the  (Yo.5ln0.5)BaCo3Zn07  sample  against  GDC  electrolyte. 
The  data  were  collected  after  heating  the  50:50  wt.%  mixture  of  the  (Y0.5I110.5) 
BaCo3Zn07  cathode  and  GDC  powders  at  (a)  800  °C  for  3  h  and  (b)  1000  °C  for  3  h  in 
air,  followed  by  recording  the  XRD  patterns  at  room  temperature. 


improves  the  chemical  stability  significantly  compared  to  the  Y-free 
InBaCo4_xZnx07  system.  Thus  the  (Yo.5lno.5)BaCo4_xZnx07  (x  =  1, 

1.5,  and  2)  cathodes  will  not  form  any  undesirable  less-conductive 
side  reaction  products  at  the  interface  with  GDC  up  to  1000  °C 
during  the  SOFC  single-cell  fabrication  process. 

3.5.  Cathode  polarization  resistance  of  (Yo.5lno.5)Ba(Co4-xZnx)07 

Recently,  YBaQ^ZnCb  was  found  to  show  good  performance  as 
a  cathode  at  500  °C  <  T  <  700  °C,  and  optimum  electrochemical 
performance  was  obtained  by  employing  the  YBaCosZnCb  +  GDC 
(50:50  wt.%)  composite  as  a  cathode  [18,21  ].  The  composite  cathodes 
are  beneficial  for  providing  extended  triple-phase  boundary  (TPB) 
where  the  oxygen  reduction  reaction  (ORR)  occurs.  It  can  also  provide 
higher  ionic  conduction  through  the  GDC  portion  in  the  composite 
cathode  and  better  TEC  compatibility  with  the  GDC  electrolyte  [21  ]. 

Accordingly,  we  applied  both  the  pristine  (Yo.slno.s) 
BaCo4_xZnx07  and  the  (Y0.5ln0.5)BaCo4_xZnxO7  +  GDC  (50:50  wt.%) 
composites  (x  =  1,  1.5,  and  2)  as  cathodes  in  SOFC.  The  cathode 
polarization  resistances  (Rp)  of  the  pristine  and  composite  cathodes 
were  measured  with  symmetrical  cell  configurations  of  cathode 
(composite  cathode)|GDC|cathode  (composite  cathode).  The  ac- 
impedance  spectra  were  fitted  with  an  electrical  circuit  model 
consisting  of  Rs(^gb/CPEgb)(^i/CPEi)(R2/CPE2),  where  the  Rs  is  from 
the  Pt  wire  and  the  bulk  resistance  of  the  GDC  electrolyte, 
(Rgb/CPEgb)  is  from  the  grain  boundary  resistance,  and  the  two 
consecutive  (R1/CPE1)  and  (R2/CPE2)  circuits  are  from  the  cathode 
[19-21].  The  impedance  at  high  and  intermediate  frequencies 
is  associated  with  ion  and  electron  transfer  at  the  electro- 
del  electrolyte,  and  current  collector | electrode  interfaces,  while  that 
at  the  low  frequencies  (R2/CPE2)  is  related  to  non-charge  transfer, 
such  as  oxygen  surface  exchange  and  gas  phase  diffusion  inside  and 
outside  of  the  electrode  [35].  Fig.  8(a)  shows  the  Arrhenius  plots  of 
the  Rp  of  the  pristine  (Y0.5ln0.5)BaCo4_xZnxO7  (x  =  1,  1.5,  and  2) 
cathodes  in  comparison  with  the  pristine  YBaCo3Zn07  and 
InBaCo3Zn07  cathodes.  For  x  =  1,  the  YBaCo3Zn07  cathode 
exhibits  more  than  one  order  lower  Rp  value  compared  to  that 
of  the  InBaCo3Zn07  cathode  in  the  temperature  range  of 
400  °C  <  T  <  750  °C.  The  Rp  values  of  the  (Y0.5ln0.5)BaCo3ZnO7 
cathode  are  in  between  them.  At  a  given  temperature,  the  pristine 
(Y0.5ln0.5)BaCo4_xZnxO7  cathodes  show  a  trend  of  increasing  Rp 
with  increasing  Zn  content  from  x  =  1  to  2  [19,20].  The  Ea  values  are 
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calculated  to  be  0.74,  0.82,  and  0.95  eV,  respectively,  for  x  =  1, 1.5, 
and  x  =  2  in  Table  2.  Fig.  8(b)  compares  the  Rp  values  of  the 
(Y0.5ln0.5)BaCo3ZnO7  (x  =  1 )  +  GDC  (50:50  wt.%)  composite  cathode 
with  different  cathode  adhesion  temperature  (800-950  °C)  in  air. 


1.0  1.1  1.2  1.3  1.4  1.5 


1000  IT  (K1) 


1000  /  T  (K'1) 


Fig.  8.  Comparison  of  the  Rp  values  of  (a)  pristine  (Yo.5ln0.5)BaCo4_xZnx07  cathodes 
attached  at  850  °C  for  3  h,  (b)  (Yo.5lno.5)BaCo3Zn07  +  GDC  (50:50  wt.%)  composite 
cathodes  attached  at  different  temperatures  for  3  h,  and  (c)  (Yo.slno.s) 
BaCo4_xZnx07  +  GDC  composite  cathodes  attached  at  850  °C  for  3  h. 


Although  all  the  x  =  1  composite  cathodes  show  lower  Rp  compared 
to  the  pristine  (Y0.5ln0.5)BaCo3ZnO7  cathode  (Fig.  8(a))  regardless  of 
temperatures,  the  optimum  adhesion  temperature  was  determined 
to  be  850  °C  for  3  h  with  the  lowest  Rp  values.  Again,  the  (Yo.slno.s) 
BaCo4_xZnx07  (x  =  1,  1.5,  2)  +  GDC  composite  cathodes  exhibit 
increasing  Rp  with  Zn  content  x  at  a  given  temperature  in  Fig.  8(c). 
The  Ea  values  of  the  composite  cathodes  are  calculated  to  be  0.98, 
1.03,  and  1.06  eV,  respectively,  for  x  =  1, 1.5,  and  x  =  2  in  Table  2.  The 
composite  cathodes  exhibit  higher  Ea  than  the  pristine  cathodes 
since  the  GDC  in  the  composite  has  high  Ea  ( ~  1.0  eV)  for  the  ionic 
conductivity  [24].  From  the  results,  the  lowest  Rp  value  could 
be  obtained  by  employing  the  (Yo.sIno.sJBaQ^ZnCb  +  GDC 
(50:50  wt.%)  composite  cathode  attached  onto  the  GDC  electrolyte 
at  850  °C  for  3  h. 

3.6.  Cathode  performance  of  (Yo.sIno.sJBaCojZnO 7  +  GDC  composite 
cathode 

The  fuel  cell  performance  of  the  (Y0.5ln0.5)BaCo3ZnO7  +  GDC 
(50:50  wt.%)  composite  cathode  was  evaluated  by  attaching  at 
850  °C  for  3  h  onto  the  top  of  anode-supported  single  cells  with  GDC 
thin-film  electrolyte  ( ~20  pm  thickness).  In  Fig.  9,  the  open-circuit 
voltage  (OCV)  of  the  single  cell  is  ~0.8  V  at  600  °C  and  decreases 
with  increasing  temperature  that  agrees  well  with  the  literature 
[36,37].  These  OCV  values  are  significantly  lower  than  the  theoretical 
values  obtained  from  Nernst  equation  due  to  the  reduction  of  the 
Ce4+  ions  in  GDC  and  a  subsequent  increase  in  electronic  conduction 
with  increasing  temperature.  The  I—V  curves  were  measured  at  700, 
675,  650  °C,  and  the  corresponding  power  density  values  of  the 
single  cell  were  found  to  be  521,  375,  and  252  mW  cm-2.  The 
(Yo.5ln0.5)BaCo3Zn07  +  GDC  composite  cathode  showed  enhanced 
electrochemical  performances  compared  to  our  earlier  reports 
based  on  the  trigonal  (Y0.5Cao.5)BaCo2.5Zni.507  +  GDC  composite 
cathode  (450  mW  cm"2  at  700  °C)  and  the  perovskite-related 
Nd(Sr2.5Cao.5)(Fei.5Coi.5)Oio  composite  cathode  (357  mW  cm-2  at 
700  °C)  with  the  same  single  cell  configuration  [19,38,39].  However, 
the  power  density  is  still  low  at  600  °C,  and  further  optimization  of 
the  GDC  thin-film  electrolyte  could  help  to  improve  the  performance 
comparable  to  that  of  Co-based  perovskite  oxides,  based  on  the 
polarization  resistance  studies  in  our  earlier  reports  [18,19]. 

Fig.  10(a)  represents  the  microstructure  of  the  cross  sectional  SEM 
image  of  the  anode-supported  single  cell  after  the  fuel  cell  perfor¬ 
mance  test.  The  bottom  of  the  micrograph  indicates  the  porous 
Ni  +  GDC  anode  layer,  while  the  functional  layer  placed  between  the 
porous  anode  and  the  GDC  electrolyte  shows  less  porous  layer  with 
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Fig.  9.  Single  cell  SOFC  performances  of  the  (Yo.5ln0.5)BaCo3Zn07  +  GDC  (50:50  wt.%) 
composite  cathodes  at  700  °C  (521  mW  cm-2),  675  °C  (375  mW  cm-2),  650  °C 
(252  mW  cm-2),  625  °C  (178  mW  cm-2),  and  600  °C  (122  mW  cm-2). 
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Fig.  10.  Microstructure  of  the  (a)  anode-supported  single  cell  cross  sections  consisting  of  (Yo.5ln0.5)BaCo3Zn07  +  GDC  composite  cathode |GDC| functional  anode  layer|porous  anode 
and  (b)  expanded  interface  section  of  the  (Yo.5lno.5)BaCo3Zn07  +  GDC  composite  cathode|GDC  electrolyte. 


a  thickness  of  ~  120  pm.  Around  20  pm  thick  dense  GDC  electrolyte 
with  closed  pores  provides  good  separation  between  the  anode  and 
cathode  layer.  The  porous  microstructure  of  the  (Y0.5I110.5) 
BaCosZnOy  +  GDC  composite  cathode  is  shown  in  Fig.  10(b). 

Among  the  various  compositions  investigated  in  the  RBa- 
Co4_*Znx07  family,  the  R  =  Y0.5ln0.5  (x  =  1,  1.5,  and  2)  samples 
demonstrate  an  important  advantage  of  phase  stability  at  the 
operating  temperatures  of  SOFC  (600-800  °C)  in  Fig.  4,  while 
maintaining  its  benefit  of  the  low  TEC  values  (Figs.  2and  5). 
Furthermore,  the  Yo.sIno.sBaCosZnOy  composition  overcomes  the 
chemical  instability  problem  against  GDC  electrolyte  that  was 
observed  with  the  InBaCo3Zn07  composition  after  heating  at 
1000  °C  for  3  h  [30].  On  employing  the  (Y0.5ln0.5)BaCo3ZnO7  +  GDC 
composite  as  a  cathode,  lower  Rp  values  (Fig.  8(b)  and  (c))  and 
promising  fuel  cell  performances  could  be  achieved. 

4.  Conclusions 

The  properties  of  the  (Yo.5ln0.5)BaCo4_xZnx07  system  with 
R  =  Yo.sino.s  have  been  studied  in  comparison  to  the  end  members 
YBaCo4_xZnx07  and  InBaCo4_xZnx07.  The  YBaCo3Zn07  sample 
decomposes  at  600  and  700  °C  over  120  h,  while  the  InBaCo3Zn07 
sample  decomposes  at  700  and  800  °C  over  100  h.  Interestingly,  the 
presence  of  50%  Y  and  50%  In  in  (Yo.sino.s )Ba(Co3Zn)07  eliminates 
these  instability  problems,  providing  good  long-term  phase 
stability  at  high  temperatures  (600,  700,  and  800  °C  for  100  h).  The 
improved  phase  stability  of  the  solid  solution  with  50%  Y  and  50%  In 
allows  the  incorporation  of  higher  Co  contents  (x  =  1 )  without 
encountering  phase  decomposition  compared  to  the  In-  or  Y-free 
samples.  The  higher  Co  content  is  beneficial  to  realize  good  elec¬ 
trochemical  performance  due  to  enhanced  electrical  conductivity, 
while  keeping  the  TEC  low  and  maintaining  good  long-term  phase 
stability  at  600-800  °C  for  100  h.  The  (Yo.sIno.s)Ba(Co3Zn)07  +  GDC 
(50:50  wt.%)  composite  cathode  exhibits  SOFC  performance  supe¬ 
rior  to  other  composite  cathodes  such  as  trigonal  (Yo.sCao.s) 
BaC02.5Zn1.5O7  and  perovskite-related  Nd(Sr2.5Cao.s)(Fei.5Coi.5)Oio 
at  700  °C  with  the  same  single  cell  configuration.  Our  future  work 
will  focus  on  evaluating  the  performance  of  (Y0.5ln0.5)Ba(Co,Zn)4O7 
with  YSZ  and  LSGM  electrolytes  and  their  long-term  stability 
during  thermal  cycling  in  the  fuel  cell. 
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